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ABSTRACT OF THE DESCLOSURE 

Disclosed is a semiconductor device which comprises 
a transistor having a metal semiconductor barrier diode 
shunting the base and the collector junction, the diode 
having a lower forward voltage drop than the P-N junc 
tion between the base and the collector. 

aemwadsraaman 

This invention relates to semiconductor devices, and 
more particularly to integrated semiconductor circuit ar 
rangements adapted for operation at high switching 
speeds. 

In electronic circuitry of the type used to perform logic 
operations in digital computing systems one of the main 
factors influencing the design is the Switching speed, i.e., 
the time required to change the conductive state of the 
functional elements of the circuitry. When transistors 
are used as the active elements in such circuits, the pri 
mary limiting factor with respect to the Switching speed 
is the time required to turn on and turn off the collector 
current in these semiconductor devices. This invention is 
primarily concerned with this speed factor. 
The switching speed of transistors can be optimized by 

judicious selection of the device geometry, i.e., the size 
and shape of the active regions and junctions, and of the 
electrical characteristics of the regions of the device, 
particularly the resistivity, impurity gradient, carrier life 
time, etc., as well as selection of the semiconductor ma 
terial itself. Once the speed of the device is increased to 
the maximum permitted by materials technology and 
production feasibility, the operating speed of the system 
in which such devices are used can be greatly affected by 
the circuitry surrounding the devices. 
The period of time required to turn on a transistor, 

referred to as “rise time,” can be minimized by driving 
the base of the device with fairly large electrical signals. 
Unfortunately, this large input tends to drive the tran 
sistor into a saturated condition, to the detriment of 
another factor affecting the switching speed, this being 
the “storage time.” When the transistor is saturated, the 
collector-base junction is forward biased and the base 
region stores a large concentration of minority carriers. 
Before the transistor can be considered turned off, the 
collector-base junction has to be returned to the usual 
reverse bias state, and to do this the stored carriers must 
be swept out of the base region. The time period required 
to do this, referred to as the storage time, is often the 
primary limiting factor on the switching speed. Thus, the 
operating speed of the logic system is often a compromise 
between using sufficient driving voltage to obtain a fairly 
short rise time for the transistors, but yet keeping the 
devices out of saturation to avoid unduly long storage 
time. 

Several techniques have been developed for increasing 
the switching speed of such circuits, including the use 
of resistance-capacitance coupling so that voltage spikes 
appear on the transistor base to turn on and turn off the 
unit while the hold-on voltage is much lower, holding the 
transistor out of saturation. The disadvantages of R-C 
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coupling are the necessity of additional components and 
the inherent delay introduced by the R-C combination 
itself. 
Another technique which has been quite successful is 

the use of a diode in a transistor switching circuit shunt 
ing the collector-base junction and biased or otherwise 
adapted to conduct in the forward direction at a slightly 
lower voltage than the collector-base diode. This pre 
vents the collector-base from becoming forward biased, a 
condition necessary for saturation, and therefore avoids 
storage of a high concentration of carriers in the base. 
With this arrangement, the base can be driven with large 
signals, but yet storage time is quite short. The forward 
voltage necessary for conduction of the shunt diode may 
be reduced below that of the collector-base junction by 
adding a low level voltage source in series with the diode, 
but this is inconvenient in some circuits, especially inte 
grated semiconductor networks. Another technique is to 
use a different material for the diode, i.e., use a germa 
nium diode with a silicon transistor, but again this is im 
possible in a monolithic integrated circuit where all of 
the components are formed in a unitary body of semi 
conductor material. 

It is the principal object of this invention to provide 
improved semiconductor circuits of the type suitable for 
use at high operating speeds. Another object is to provide 
semiconductor elements especially suited for use in logic 
circuits in high speed digital systems. A further object is to 
provide an integrated semiconductor structure contain 
ing a transistor which can be driven with high level base 
input voltages without being operated in the Saturation 
mode. 
In accordance with this invention, a P-N junction in a 

semiconductor device is prevented from becoming for 
ward biased by shunting the junction with a metal-semi 
conductor diode, commonly referred to as a Schottky 
barrier diode. Particularly, the collector-base junction of 
a transistor has a metal-semiconductor diode connected 
across it and poled for conduction in the forward direction 
the same way as the collector-base. The metal-semicon 
ductor diode may be fabricated upon the same semicon 
ductor wafer as the transistor, or each transistor in an 
integrated semiconductor circuit may have one of the 
shunt diodes connected therewith on the monolithic semi 
conductor bar. A unitary semiconductor element is 
thereby provided which can be operated at high switching 
speeds. 
The novel features believed characteristic of this in 

vention are set forth in the appended claims. The inven 
tion itself however, as well as other objects and advantages 
thereof, may best be understood by reference to the fol 
lowing detailed description of illustrative embodiments, 
when read in conjunction with the accompanying draw 
ings wherein: 
FIGURE 1 is a pictorial view in section of a preferred 

embodiment of the invention; 
FIGURE 2 is a plan view of the device of FIGURE 1; 
FIGURE 3 is a schematic diagram of an electrical cir 

cuit utilizing the device of FIGURES 1 and 2; 
FIGURE 4 is a schematic diagram of a digital logic 

circuit utilizing the unitary transistor-diode device of 
this invention; 
FIGURES 5a-5c are elevational views of the device 

of FIGURES 1 and 2 at successive stages of manufacture; 
FIGURE 6 is a schematic diagram of another embodi 

ment of the invention; 
FIGURE 7 is a top plan view of the circuit shown in 

FIGURE 6; and 
FIGURE 8 is an elevational view of the circuit shown 

in FIGURE 6. 
With reference to FIGURE 1, a semiconductor device 

is illustrated which comprises an N-P-N epitaxial tran 
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sistor of the planar configuration with expanded contacts. 
The transistor includes a metal-semiconductor diode in 
tegral therewith and shunting the collector and base 
Iegions in accordance with this invention. In this illus 
?trative embodiment the device comprises a silicon wafer 
10 which includes a substrate 11 heavily doped with donor 
impurities and an epitaxially grown layer 12 more lightly 
doped N-type. A base region 13 is formed in the epitaxial 
layer by selective diffusion of acceptor impurities, and an 
emitter region 14 is defined within the base region by a 
selective N-type diffusion. A silicon oxide coating 15 
covers the top surface of the wafer, except where con 
tacts are made, and it will be noted that this oxide coat 
ing is in a stepped configuration due to the oxide removal, 
deposition and diffusion steps performed in making the 
base and emitter regions using silicon oxide masking. An 
emitter contact is provided on the transistor wafer by a 
metal strip 16 which makes non-rectifying connection to 
the silicon surface over the emitter region 14. Due to the 
extreme small size of the active regions of the transistor, 
the emitter region 14 being only perhaps one mil long and 
one or two tenths of a mill wide, expanded contacts are 
provided. The emitter contact 16 extends out over the 
oxide to form an enlarged bonding pad 17 which is 
large enough for a one mil diameter wire to be compres 
sion bonded thereto. In like manner, a base connection is 
provided by a pair of metal strips 18 and 19 making non 
rectifying contact to the base region 13 in openings 
formed in the oxide layer. The base contact is also ex 
panded out over the oxide coating to form an enlarged 
bonding pad 20, although it will be noted that the con 
tact metal of the pad 20 also extends down to engage the 
silicon surface, forming a metal-semiconductor diode as 
will be explained below. Contact is made to the collector 
region of the transistor, which comprises the substrate 
11 and the epitaxial layer 12, by a metal member 21 on 
the lower surface of the wafer. Actually, this connection 
is made by soldering the wafer down to a metallic header 
or to a metallized area on a ceramic packaging arrange 
ment. Small gold wires would ordinarily be bonded to 
the emitter and base bonding pads 17 and 20 and con 
nected to feed-through electrodes in an hermetically 
sealed package. 
A metal-semiconductor diode 22 is provided on the 

top surface of the collector region of the transistor of 
FIGURES 1 and 2 by the metallic pad 20 which engages 
the surface of the silicon in an opening formed in the 
oxide layer 15. The strip 18 extending from the metal 
pad 20 over the oxide makes ohmic connection to the 
base region 13, and so the diode 22 formed at the inter 
face between the metal area 20 and the silicon is shunt 
ing the base and collector of the transistor as illustrated 
in FIGURE 3. 

It is important to note that the same metal film makes 
non-rectifying contacts to the emitter region at the strip 
16 and to the base region at the strips 18 and 19, but yet 
makes rectifying connection to the collector region 12 
beneath the pad 20. This is possible when the contacts 
are composed of a metal which, at the temperatures used 
to apply the metal or to which the device is subjected in 
subsequent processing, does not alloy with the silicon 
surface. Molybdenum is an example of a suitable metal. 
Gold may also be used in direct contact with the silicon 
surface, although with this metal the temperature must 
be kept below 377 C., the gold-silicon eutectic point. 

In the preferred embodiment, the contacts are com 
posed of two layers of metal, a lowermost layer 23 of 
molybdenum and a top layer 24 of gold. The molybde 
num is preferable because it does not alloy with silicon 
at temperatures ordinarily used in manufacture, it ad 
heres resonably well to silicon and silicon dioxide, it does 
not alloy with and is not penetrated by gold, and it can 
be selectively applied with the evaporation and photo 
resist masking techniques ordinarily used in semicon 
ductor manufacture. Gold is ideal for the top layer be 
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4 
cause it is highly conductive so that series resistance is 
not introduced, it adheres to molybdenum, and it can 
be easily bonded to with the commonly-used small gold 
wires without the problem of formation of AuAl2 such as 
is present when aluminum is used as a contact metal. 
For high impurity concentrations at the silicon surface, 
above about 1020 atoms/cc., the molybdenum will make 
low resistance ohmic contact. This high surface concen 
tration is ordinarily present at least at the surface of the 
base and emitter regions 13 and 14 of the transistor 
described above due to the diffusion techniques used in 
manufacture, and so non-rectifying connection is made 
by the strips 16, 18 and 19. The collector region 12 is of 
low concentration epitaxial material, however, and rec 
tifying connection is made by the same metal, molybde 
num, under the pad 20, even though this part of the 
layer 23 is formed identically with the other parts. 
An example of a circuit in which the device of this 

invention is utilized to advantage is illustrated in FIGURE 
4. This is a gate circuit with three inputs, being of the 
so-called “diode transistor logic' form. The unitary tran 
sistor-diode combination 25 of FIGURES 1 and 2 is used 
as an inverting amplifier, the emitter 17 being grounded 
and the collector being connected through a load resistor 
26 to a positive supply --V. A diode gate portion of 
the circuit includes three P-N junction diodes 27, 28 and 
29 connected separately to three logic inputs 30, 31 and 
32. The input diodes have a common anode portion 33 
which is connected through a resistor 34 to a bias supply 
--VBB and further connected through two diodes 35 and 
36 to the base of the inverting transistor. The diodes 27-29 
preferably have a fast recovery time whereas the diodes 35 
and 36 should have a slow recovery time. In operation, 
this circuit functions as an inverting AND gate or 
“NAND' gate, if a positive voltage is assumed to be a 
“1” in the binary system. With a 1 present at each of the 
inputs 30-32 the diodes 27-29 will be back biased and the 
combination of the supply - VBB and the resistor 34, 
acting as a current source, will apply base current to the 
device 25, turning it on. This will produce a low voltage, 
or a low current, at an output terminal 37. On the other 
hand, if any one of the inputs 30-32 has a “0” or low 
voltage thereon, the associated one of the diodes 27-29 
will conduct the current from the resistor 34, the base 
current for the device 25 will be essentially zero, and the 
voltage at or current out of, the output 37 will be high. 
Since the output 37 of one of these circuits would ordin 
arily drive an input 30-32 of a like circuit, the two diodes 
35 and 36 are needed in series to insure that the current 
from the resistor 34 will flow out of an input terminal 
30-32 and through the collector-emitter of a turned-on 
transistor in a preceding circuit rather than into the base 
of the unit 25, the forward drop across the two diodes 
being of course twice that of a single input diode if all 
diodes are of the same material. The input diodes may 
be also of the metal-semiconductor type as set forth 
below. 
Some of the advantageous features of the use of the 

invention may be appreciated by consideration of the 
circuit of FIGURE 3. The foremost of course is the de 
crease in the switching time of the circuit, permitting op 
eration of the digital system at greater speeds. This de 
crease is due to the elimination of minority carrier storage 
in the base of the transistor 25. As explained above, the 
base can be driven with a large signal from the supply 
--VBB to minimize the delay time and rise time, but the 
transistor cannot be saturated because the collector-base 
junction will not support a forward voltage, the diode 22 
tending to conduct at a lower voltage. The recovery time 
of the diode 22 is virtually non-existent since it is a ma 
jority carrier device. Another important advantage in the 
circuit of FIGURE 4 is the fact that the tolerance for 
the resistor 34 is substantially relaxed. Without the diode 
22 the resistor 34 would have to be within a rather nar 
row range because if its value is too low it would permit 
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the transistor to go into saturation, while if too high the 
base would not be driven hard enough. With the diode 22, 
however, the lower limit is considerably relaxed since the 
transistor cannot be saturated and excess current will be 
merely shunted through the diode and thence through the 
collector and emitter of the transistor to ground. This 
feature is particularly advantageous when the circuit of 
FIGURE 4 is fabricated in integrated circuit form since 
the resistors must be formed by diffused regions in semi 
conductor material, a technique which does not lend itself 
to manufacture of high precision resistors. It will be noted 
that the resistor 26 in this circuit does not have stringent 
tolerance limits, and so relaxation of the tolerance re 
quirements for the resistor 34 contributes substantially to 
the ease of fabrication of the circuit in integrated form. 
Another feature of the use of the diode 22 in the circuit 
of FIGURE 4 is that a better gain-bandwidth product is 
provided for the amplifier function because the transistor 
operates in a linear region when in the on condition. 
A method of making the device of FIGURES 1-3 will 

now be described. The starting material is a slice of sili 
con of which the wafer 10 is at this point merely a very 
small undivided segment. The slice may be about one 
inch in diameter and ten mills thick, whereas the wafer 
10 is only about thirty mils square and perhaps four mils 
thick when the slice is lapped down on the back and then 
broken into hundreds of the individual wafers. The slice 
comprises a substrate 11 of high concentration, low re 
sistance N-type silicon with the epitaxial layer 12 having 
been formed thereon with a resistivity of perhaps 4 S2-cm. 
The particular resistivity used for the epitaxial layer is 
rather important, it being necessary that the donor con 
centration be low enough so that the molybdenum makes 
rectifying contact thereto instead of ohmic, creating a 
metal-Semiconductor diode, but yet the resistivity should 
not be too high because series resistance between the 
diode and the area actually functioning as the collector 
Would be too great. Thus, the resistivity of the epitaxial 
layer is a compromise between these factors. 
A silicon oxide coating is formed on the epitaxial layer 

of the starting material, and it is preferable that this 
initial oxide coating be formed by a low temperature 
deposition technique rather than by the more conven 
tional thermal method. The growth of thermal oxide on 
silicon is done at perhaps 1200° C. in oxygen for lengthy 
periods of upwards of an hour, during which time donors 
from the substrate 11 diffuse into the more lightly doped 
epitaxial region 12, varying the position of the N-- to N 
interface. More important however, the growth of thermal 
oxide apparently tends to cause a high impurity concen 
tration at the silicon surface beneath the oxide coating. 
Thus, even though the epitaxial layer 12 is originally 
uniformly doped, after growth of a thermal oxide the 
donor concentration at the surface would be greater than 
that in the interior of the epitaxial layer. This high surface 
concentration is undesirable for the reason discussed 
above. This problem is avoided by forming the initial ox 
ide coating by a method such as low temperature cracking 
of ethylorthosilane. The silicon slices are placed in a boat 
within a tube furnace which is maintained at perhaps 
500 C. While vapors of the silane and oxygen are intro 
duced. Oxygen is bubbled through liquid ethylorthosi 
lane and thence into the furnace. Additional oxygen may 
be added to the stream to promote oxide formation at low 
temperature. With this arrangement, a silicon oxide layer 
40 is deposited over the epitaxial layer 12 as seen in 
FIGURE 5a. An opening 41 is made in the layer 40 by 
photoresist techniques, and a P-type diffusion is per 
formed using boron as the impurity, creating the base 
region 13. A thin layer 42 of thermal oxide forms over 
the base region during the deposition process for this 
base diffusion. An opening 43 is made in the oxide layer 
42 by photoresist masking and etching, then an N-type 
diffusion is performed to define the emitter region. Open 
ings are now formed in the oxide coating by photoresist 
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6 
masking and etching for the purpose of making ohmic 
contacts to the heavily doped material where the emitter 
and base contact stripes 16, 18 and 19 are to be applied, 
while at the same time an opening 44 is defined over the 
lightly doped epitaxial material to accommodate the diode 
22. After suitable surface cleaning, a film 45 of molyb 
denum of perhaps 10u thickness is deposited on the entire 
top surface by evaporation, then a film 46 of gold is like 
wise deposited onto the molybdenum. The desired pat 
tern of contacts is then defined by photoresist masking 
and the excess metal is removed by etching to leave the 
metallized areas as seen in FIGURES 1 and 2. 

In another embodiment of the invention, a second metal 
Semiconductor diode is used along with the device de 
Scribed above to provide proper voltage levels in logic 
circuits. With reference to FIGURE 6, a portion of a 
circuit is shown including a first transistor 50 having a 
Schottky barrier device 51 connected from base to collec 
tor. The emitter of this transistor is grounded, while the 
collector is connected to a positive supply --V through 
a load resistor 52, the input being connected to the base. 
When the transistor 50 is turned on by a large base input. 
the collector voltage is the sum of the base-emitter for 
Ward voltage drop, Vibe, and the forward drop across the 
Schottky barrier device, Vs. Since VCV, this collector 
voltage will be a small positive voltage. In contrast, it 
should be noted that without the device 51 the collector 
voltage would be substantially zero for a saturated condi 
tion of the transistor 50. The collector of the first tran 
sistor 50 is coupled to the base of a second transistor 54 
by means of a diode coupling arrangement including a pair 
of diodes 55 and 56 poled in opposite directions with the 
junction 57 of the anodes being connected to the voltage 
Supply through a large resistor 58 which acts as a con 
stant current Source. When the transistor 50 is on, all of 
the current from the resistor 58 will flow through 
the diode 55, and the voltage at the point 57 should 
be less than the Sum of the forward voltages of 
the diode 56 and the base-emitter junction of the transistor 
54 to insure that the second transistor will remain cut 
off. However, the collector voltage of the transistor will 
be significantly greater than zero in the on condition as 
set forth above, and so if the diode 55 is a P-N junction 
device the voltage at the point 57 is undesirably high. Ac 
cordingly, the diode 55 is a metal-semiconductor barrier 
device, just like the diode 51, so that its forward voltage 
will be less than Vbe, and so that the voltage at the point 
57 will be significantly less than 2Ve or that required to 
turn on the transistor 54. The transistor 50 along with 
the barrier diodes 51 and 55 are thus made as a unitary 
device 59. 
With reference to FIGURES 7 and 8, the unitary de 

vice 59 of FIGURE 6 is shown embodied in integrated 
circuit form along with the load resistor 52. This is 
merely a fragmentary view of the integrated circuit be 
cause ordinarily a large number of components and logic 
functions would be formed in the same semiconductor 
wafer 60. This wafer 60 includes a P-type substrate 61, a 
heavily doped N-- epitaxial layer 62, and a lightly doped 
epitaxial layer 63. The base and emitter of the transistor 50 
are formed in the layer 63 by a diffusion, and the resistor 
52 is likewise formed by a P-type diffused region. The tran 
sistor 50 and the resistor 52 are isolated from one another 
and from other devices on the wafer by P-- isolation diffu 
Sion strips 64. Both of the diodes 51 and 55 are formed ad 
jacent the transistor 50 so that the anodes of the two diodes 
are common with the transistor collector. The cathode of 
the diode 51 is connected to the transistor base by a metal 
Strip, while the cathode of the diode 55 is coupled by a 
metal strip to the remainder of the circuit, not shown. 
The conductive strips are isolated from the wafer 60, ex 
cept where contact is desired, by an insulating coating 
65, typically silicon oxide. As above, the material used 
for the contacts, interconnections, and metal-semiconduc 
tor barrier diodes is a metal which does not alloy with the 
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semiconductor material at the temperatures used in fabri 
cation. Preferably, a bottom layer of molybdenum would 
be used with an overlay of gold. Other metals would be 
suitable, such as vanadium with an overlay of gold or 
silver, or gold alone if temperatures are maintained low in 
manufacturing. It is important in all embodiments of this 
invention that the metal selected forms a metal-semicon 
ductor diode having a forward voltage which is lower 
than that of a P-N junction in the semiconductor wafer. 
While this invention has been described with reference 

to specific embodiments, it is understood that this descrip 
tion is not to be constructed in a limiting Sense. Various 
modifications of the disclosed embodiments, as well as 
other embodiments of the invention, will be apparent to 
persons skilled in the art. Accordingly, it is contemplated 
that the appended claims will cover any such modifica 
tions or embodiments as fall within the true scope of the 
invention. 
What is claimed is: 
1.A device comprising a semiconductor body having 

emitter, base and collector regions of a transistor with 
collector-base and base-emitter P-N junctions, and metal 
semiconductor rectifying barrier means formed on a Sur 
face of said body and connected across said collector 
base P-N junction in the same direction as said collector 
base P-N junction. 

2. A device according to claim 1 including an insulating 
layer on said surface having openings therein over said 
base and collector regions and said barrier means com 
prises a metal layer on said insulating layer extending 
into said openings for connection to said base and collector 
regions. 

3. A device according to claim 2 wherein said insulating 
layer defines a further opening over said emitter Tegion, 
and includes a metal contact comprised of the same metal 
as said metal layer on said insulating layer and extending 
into said further opening for connection to said emitter 
region. 

4. A device according to claim 3 wherein said metal 
layer is comprised of molybdenum. 

5. A device comprising a semiconductor body having 
an N-type emitter, P-type base and N-type collector of 
a transistor with collector-base and base-emitter P-N junc 
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8 
tions extending to one surface of said body, and a metal 
semiconductor rectifying barrier means for increasing the 
switching speed of said transistor formed on said one 
surface of said body and connected across said collector 
base P-N junction, said barrier means comprising a metal 
layer in rectifying contact with said collector and in ohmic 
contact with said base. 

6. An integrated circuit device comprising a substance 
having a plurality of semiconductor regions adjacent one 
surface thereof and electrically isolated from one another 
through said substrate, each semiconductor region having 
an electrical circult element formed therein, at least one 
circuit element comprising a transistor having collector, 
base and emitter zones with collector-base and base emit 
ter P-N junctions, and metal-semiconductor rectifying bar 
rier means for increasing the switching speed of said 
formed on the semiconductor region having said tran 
sistor connected across said collector-base P-N junction of 
said transistor in the same direction as said collector-base 
P-N junction. 
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